Abstract: An extended method for gain and noise figure enhancement in the S-band using a thulium-doped photonic crystal fiber amplifier (TD-PCFA) is proposed and shown by numerical simulation. The principle behind the enhancement is the suppression of unwanted amplified spontaneous emission (ASE) using the PCF structure. This proposed PCF achieves the intended band-pass by doping the cladding with high index material and realizes appropriate short and long cut-off wavelengths by enlarging the air-holes surrounding the doped core region. The PCF geometrical structure is optimized so that high losses occur below the short cut-off wavelength (800 nm) and beyond the long cutoff wavelength (1750 nm). Furthermore, the PCF geometrical structure design allows for high ASE suppression at 800-and 1800-nm band, thus increasing the population inversion needed for amplification in S-band region as the 1050-nm pump propagates light in the band-pass. The proposed TD-PCFA demonstrates gain enhancements of 3-6 dB between 1420 and 1470 nm.
Introduction
Optical amplifiers have proven essential to fulfilling increasing Internet traffic demands in recent years. Projected demands mean that broadband optical amplifiers must be able to amplify the new short wavelength band (S-band) in addition to the existing C-and L-bands. Thulium-doped fiber amplifiers (TDFAs) are a promising candidate for S-band amplification since the amplification bandwidth of the TDFA is centered at 1470 nm [1] .
Experimental and numerical studies have been made on multi-component silica hosts such as aluminum in order to reduce phonon energy that disrupts amplification [2] - [4] . Gain improvement in the S-band region can occur by suppressing the amplified spontaneous emission (ASE) at the 800 nm and 1800 nm bands [5] . Various methods proposed for filtering out unwanted ASE on doped fiber include long-period fiber gratings, bend-loss and band-gap filtering [5] - [8] . One of the most effective methods of suppression of both 800 nm and 1800 nm bands, is shown experimentally and numerically using macro-bending approach on silica based TDF [5] . The macro-bending technique involves bending a fiber in excess of a certain threshold radius, which results in the fiber having a suppressing effect on unwanted emission [6] . High attenuation due to higher order mode loss occurs below 1000 nm cut-off wavelength, and loss due to bending increases with longer wavelengths. An effective design enhancing both of these losses exploits a larger mode field diameter (MFD) that suppresses 800 nm and 1800 nm bands respectively, resulting in higher stimulated emission and better S-band amplification [5] .
Recently, photonic crystal fiber (PCF) has been reported as an alternative ASE suppression method [9] . In a related development, a thulium-doped PCF fabrication with the aim of filtering ASE above 1900 nm resulted in a downshift gain towards the L-band wavelength region [10] . Another proposed design [7] for S-band amplification using erbium has the possibility of a design variation whereby PCF is included in order to reduce the overlap factor for a particular wavelength range.
This current work extends the reported ASE suppression method using PCF [7] , [9] - [11] with the aim of suppressing ASE in the TDF to achieve a superior S-band gain. The proposed design [11] demonstrates that the optimized PCF geometrical structure results in short and long cut-off wavelengths to achieve desired filtering characteristics. In order to achieve a low pass filter effect around 1.7 "m, the first layer of air holes requires a larger diameter to provide low confinement loss at short wavelengths. The fabrication of the proposed PCF filter was published in [10] . It is shown that by increasing the wavelength, the electric field gradually crosses the layer increasing loss near 1.9 "m. Confinement losses of 3:3 Â 10 À8 dB/m and 6:7 Â 10 À5 dB/m are measured at 1.7 "m and 1.9 "m, respectively
Numerical modeling results of a distributed optical band-pass filter to suppress 800 nm and 1800 nm unwanted ASE using a thulium-aluminum co-doped photonic crystal fiber are reported in this paper. The proposed PCF band-pass short and long cut-off wavelengths are achieved by doping the fiber cladding with high index material and enlarging the air-holes surrounding the doped core region [11] . The transmission characteristics are verified via full-vectorial finiteelement method (FV-FEM). Subsequently, the thulium-doped photonic crystal fiber amplifier (TD-PCFA) overlap factor is investigated. Minimal loss and high overlap factors for S-band signal are observed in the optimized TD-PCFA. Higher loss and low overlap factors are determined for 800 nm and 1800 nm ASE, corresponding to gain and noise figure improvements of 5 dB and 1 dB, respectively [12] . The fabrication tolerance for the TD-PCFA is also presented for practical consideration.
2. Operating Principles of Thulium-Aluminum CO-Doped PCF Amplifier (TD-PCFA)
PCF Band-Pass Filter
PCF with differing structures can possess dissimilar characteristics, especially in their transmission windows or band-pass region [9] , [13] - [15] . One impressive band-pass filter was developed based on index-guiding, solid-core, and single-mode PCF [11] . In the band-pass filter proposed here, the short cut-off wavelength is achieved by the difference of core and clad refractive index for particular materials, while the long-cut-off wavelength is obtained by manipulating the size of air-holes in the first ring surrounding the central core. Fig. 1(a) represents a cross-section view of the proposed PCF band-pass filter. Four important geometrical properties to characterize this PCF are lattice constant Ã, core diameter D ðÃ ¼ DÞ, diameter d 0 of the first ring of air-holes surrounding the core, and outer ring air-holes diameter d . This PCF was modeled with a solid core waveguide that exploits total internal reflection (TIR) principles instead of those of photonic band-gap in hollow core PCF. The total internal reflection is caused by the lower effective index in the microstructured air-filled region. [13] . It is crucial to distinguish the diameter size between d 0 and d , since this aspect affects the cut-off wavelengths of the bandpass filter. The other important parameter of this proposed PCF is core-cladding refractive index difference ðÁ ¼ n core À n cladding Þ. Tailoring the refractive index of aluminum-doped silica fiber can be realized by using different concentration of Al 2 O 3 [16] .
In this model, the short and long cut-off wavelengths of PCF are dependent on the intersection point of effective refractive index of fundamental mode with effective refractive index of cladding mode. can be obtained when the effective refractive index of fundamental mode lines intersects with the cladding index at low wavelength. Beyond ! S , the mode field is well-confined in the central core due to the higher effective refractive index of core in comparison to the cladding. The relation of the first air-holes ring diameter size to the core effective refractive index becomes apparent when the size is smaller than the effective cladding refractive index n eff at a certain wavelength. The n eff also intersects with n cladding beyond 1600 nm, and this feature is called the long cut-off wavelength ! L . Hence, the transmission windows are determined within the region between ! S and ! L . Fabrication is possible by means of the classical stack and draw method [10] . Different capillary sizes of first layer and following seven layers are stacked hexagonally around a central thulium-doped silica rod fabricated by the MCVD process associated with the solution doping technique. The PCF preform is subsequently drawn into a PCF fiber using a drawing tower while an intra-air-holes over-pressure is applied in order to control the air-hole dimensions [10] 
Optimization for ASE Suppression
Earlier reports show an enhancement of TDFA performance by suppressing the ASE at both 800 nm and 1800 nm [5] . The introduced PCF filter functions as a distributed filter to suppress the ASE simultaneously at 800 nm and 1800 nm bands. Achieving the desired band-pass filtering requires optimization of the PCF physical dimensions. The objective of this optimization is to suppress the ASE by the following criteria:
a) The pump at 1050 nm must be propagating with low loss and high overlap factors.
b) The 1460 nm signals must be propagating with low loss and high overlap factors. c) The 800 nm ASE has to be propagating with high loss and low overlap factors, with the range of short cut-off wavelength between 900-1000 nm. d) The 1800 nm ASE has to be propagating with high loss and low overlap factors, with the range of long cut-off wavelength between 1600-1700 nm. Fulfilling the design criteria necessitates consideration of a variety of PCF design parameters. A transmission window can be made narrow by utilization of a high core-cladding index contrast and a large first ring air-holes diameter. Conversely, using a low core-cladding index contrast together with a small first ring air-holes diameter corresponds to a broader transmission window [11] . Fig. 2 [3] . Observation of Fig. 2 allows for identification of doping levels for a material with desired Á value; an example is Á ¼ À0:003, which can be achieved by doping the PCF core with 9 mol% of Al 2 O 3 and the PCF cladding with 11 mol% Al 2 O 3 [16] .
Simulation is performed on different diameters of first ring air-holes, namely d 0 =Ã from 0.30 to 0.55 in increments of 0.05, and by varying cladding air-holes diameter, d =Ã of 0.25, 0.30, 0.35, and 0.40. As described earlier, the cut-off wavelengths of PCF is determined by the intersection point of effective refractive index of fundamental mode with effective refractive index of cladding mode. Each result of cut-off wavelength for five different values of Á, from À0.001 until À0.005 with step of 0.001, is plotted in Fig. 3(a) -(e), respectively. Curves on the right hand side indicate the long cut-off wavelength, while those on the left hand side indicate the short cut-off wavelength. The shaded region in Fig. 3(a) -(e) refers to the region where the long and short cut-off wavelength meets the criteria listed earlier in this section. This region is chosen loosely in order to accommodate sufficient tolerance during PCF fabrication. Tolerances in fabrication allow for different values of Á, d
0 =Ã, and d =Ã to cause diverse characteristics in resulting PCF, especially regarding the transmission characteristic [15] , as shown in Fig. 3(a)-(e) . Performance of the PCF band-pass filter is observed to degrade with changes as low as AE1% to the cladding holediameter. However, transmission can be maintained above 75 % for tolerances of AE1% on the first ring air-hole diameter. The transmission spectrum is mainly influenced by the number of outer rings, while being independent of fiber length [15] . Furthermore, Fig. 3(c) allows for the observation that the optimized value of Á ¼ À0:003 gives a higher likelihood of satisfying the band-pass filter criteria. It remains possible to achieve the band-pass filter criteria when fabrications diverge from this optimized value of Á ¼ À0:004, as can be seen by Fig. 3(d) and (e). Transmission spectra that operates in 1000 nm until 1750 nm regions is found as best achieved Transmission characteristic are evaluated for the proposed PCF design comprising eight rings of air-holes, as [11] predicts that using eight or more rings of air-holes will achieve transmission over 80%. Fig. 4 shows the results of transmission spectra taken from FV-FEM [17] . The perfectly matched layer (PML) boundary condition is used for absorbing radiation from the fiber in order to calculate accurate leakage losses. The transmission reflects the fractional power propagating in the core independently of fiber length. Results reveal that transmission decreases below short cut-off wavelength (800 nm) and above long cut-off wavelength (1750 nm). The highest level of transmission occurs at wavelengths of 1050 nm, 1420 nm, 1470 nm, and 1550 nm.
Modeling TD-PCFA
The intended thulium-doped optical fiber preform in this work arises from pure silica tubes fabricated by MCVD and solution doping. This process allows for doping of other materials, such as phosphorus and germanium, to be incorporated in the glass. Solution doping technique is used to dope thulium and aluminum into the glass. 5 indicates the emission and absorption spectra of Tm 3þ -doped silica fiber at 800 nm, 1400 nm and 1800 nm bands. The spectral emission cross-section at S-band of Thulium ion [18] The emission cross section was measured for three emission bands at 800 nm, 1460 nm, and 1820 nm. These three bands are attributed to the 3 [19] . An inconvenient branching ratio of transitions from 3 H 4 results in higher emission at 800 nm [20] . Furthermore, the emission at 1800 nm is also significantly higher than at 1400 nm. These results show a stronger ASE at 800 nm and 1800 nm when compared to the intended amplification region at 1400 nm. Suppressing the 800 nm and 1800 nm ASE is thus crucial to allow stronger emission at 1400 nm and corresponding higher S-band amplification. A PCF band-pass filter is introduced in this paper as a means to suppress the 800 nm and 1800 nm ASE.
An existing differential equation-based model [5] , [6] that governs transitions between energy levels is updated to include ASE suppression at 800 nm and 1800 nm for S-band gain improvements. Light wave propagation equations along the thulium fiber for 1050 nm pump power ðP P Þ, signal power ðP S Þ, S-band ASE ðP ase Þ, 800 nm ASE ðP ase8 Þ, and 1800 nm ASE ðP ase18 Þ in the forward direction ðþÞ and backward ðÀÞ direction along the fiber can be established as follows [2] :
where is background scattering loss, which is assumed to be constant for all wavelengths. ASE8 and ASE18 is 800 nm and 1800 nm loss due to PCF bandpass filter. Fig. 6 (a) depicts the calculated PCFs propagation loss spectrum from 700 nm to 1800 nm wavelength compared to SMF. This PCF loss was calculated by multiplication of SMF loss with PCFs transmission spectrum, considering loss mechanism in SMF and transmission spectrum of PCF. As expected, there is a significant loss effect on cladding mode, which operates in the wavelength region from 700 nm to 1000 nm compared to that of fundamental mode which operates within 1000 to 1750 nm. Further wavelength also shows that loss increased once again as the propagation operates in cladding mode above the 1750 nm wavelength. The loss values for 800 nm, 1800 nm, and 1400 nm S-band region are added with background loss in the light wave propagation equations to simulate gain and noise figure.
Overlap factor Àð!Þ is a measure of the optical mode fraction overlapping with the doped ions at the central core distribution, wherein absorption or emission stimulation occurs via rare earth ion transitions. This overlap factor can be calculated based on the electric field distribution for a particular fiber as follows [19] :
In this equation, E ðr ; '; !Þ refers to the guided mode's electric field, while N T is the total doping concentration of thulium ions per unit length, and n T ðr Þ represents the transverse distribution profile (TDP) of the TD-PCFA [21] , [22] . The FV-FEM technique is utilized in order to calculate the electric field in the PCF fiber. Overlap is very low between optical modes below ! S and dopant ions in PCF, which can be expected from the electric field intensity analysis provided in Fig. 7 . Where the cladding mode takes place in this wavelength region with the field radiating inside the cladding instead of central core, and this behavior occurs when the cladding effective index is higher than the fundamental mode effective index. Wavelengths in excess of ! S , cause the overlap factor to increase sharply. This observation is a result of the electric field starting to operate in guided mode at the central core, whereupon a high portion of the optical mode overlaps with doping ions as can be clearly seen in Fig. 7(b) -(e). As wavelength increases past the long cut-off wavelength threshold, the electric field once again propagates inside the cladding region as illustrated in Fig. 7(f) . Hence, the overlap factor is strongly reduced for operating wavelength in excess of this cut-off threshold.
Results and Discussion
Observed 800 and 1800 nm ASE bands are reported to affect the S-band total gain in TDFAs [7] , [10] . Within this current work, Fig. 8(a) and (b) provide a comparison between normal TDFA and TD-PCFA as a function of position on stimulated forward and backward travelling of both 800 nm and 1800 nm ASE power. A fixed pump power of 1050 nm at 350 mW employed inside the numerical model will cause a suppression of both 800 nm and 1800 nm in the TD-PCFA and consequent increase in ASE at the 1400 nm band (see Fig. 8(c) ). This result can be explained by the inclusion of TD-PCFA effectively decreasing an ion population in the ground state 3 H 6 whilst assisting population of the ion at 3 F 4 energy level, thus allowing 1050 nm light to efficiently excite the ion to the higher level, 3 H 4 . The latter effect reduces the fractional inversion at different longitudinal positions of the fiber at a shorter distance. Lower fractional inversion results in an increase of population inversion between the 3 F 4 and 3 H 4 level and, consequently, increases the stimulated emission in the S-band region [23] .
Results of gain on both normal TDFA and TD-PCFA, as depicted in Fig. 8(d) , is calculated by fixing input signal wavelength at 1460 nm and input power as À30 dBm, while 1050 nm pump power is fixed at 350 mW. As observed from comparison between both gains medium, normal TDFA saturates at 15 m fiber length, which can be considered as an optimized length.
Higher signal and pump overlap factor in the TD-PCFA in contrast to normal TDFA will cause a greater amount of pump power to be depleted, and result in optimized fiber length decreasing to 11 m. This phenomenon is also observable in 1460 nm ASE situations. Fig. 9 shows variation of the gain and noise figures across the input signal wavelength for the normal TDFA and TD-PCFA. The input signal and 1050 nm pump powers are fixed at À30 dBm and 350 mW respectively. Optimized length for the normal TDFA and TD-PCFA is fixed at 15 m and 11 m respectively. As shown in the figure, gain enhancements of about 4.5 dB are obtained using TD-PCFA at a wavelength region between 1450 and 1470 nm. This enhancement is attributed to ASE suppression at 800 and 1800 nm. Furthermore, the noise figure is also observed from Fig. 9 to be improved by about 1-3 dB with the TD-PCFA, whereby the increased gain has a consequent impact on the noise figure, as described in the standard noise figure equation [19] . 
Conclusion
The optimized design of TD-PCFA is shown numerically. A recommendation for TDFA design is for wavelengths above 1000 nm to propagate with low loss and high overlap factor in order to maximize the efficiency of 1050 nm pumping. Thulium absorption overlap factor is adjusted through PCF to allow the fundamental mode of the S-band signal to propagate with minimum loss and high overlap factor. Meanwhile, the 800 nm and 1800 nm ASE encounters higher loss and low overlap factor. The optimized PCF geometrical structure is found at Ã ¼ 3:2 "m,
0 =Ã ¼ 0:35, d =Ã ¼ 0:30, and Á ¼ À0:004 in the course of achieving the above criteria. The performance was also evaluated against fabrication tolerance for practical consideration. This PCF-TDFA approach improves the gain of TDFA by 5 dB in the S-band region, which represents a promising foundation for subsequent research efforts.
